A variety of genes confer positive selectable phenotypes on mammalian cells (4, 8, 17, 20, 28, 29) . Such genes allow enrichment of cells that have retained introduced genes in a stable form, thereby facilitating gene transfer studies. Generally, dominant selectable genes, such as the hygromycin phosphotransferase (hph) gene (20) , are more versatile. Unlike recessive selectable genes, such as the herpes simplex virus type 1 (HSV-1) thymidine kinase (TK) gene (29) , the use of which is limited to mutant cells deficient in the selectable function, dominant selectable genes may be used in wild-type cells.
Several genes confer both negative and positive selectable phenotypes (2, 5, 22, 23) . For example, HSV-1 TK efficiently converts ganciclovir (GCV) into a cytotoxic nucleotide analog, but GCV is a poor substrate for mammalian TK (22) . Thus, GCV may be used to select against wild-type cells expressing the HSV-1 TK gene (22) . Although the HSV-1 TK gene may be used for positive selection, this is effectively limited to mutant cells lacking TK activity (29) . Use of the hypoxanthine phosphoribosyltransferase (HPRT) gene (8) or the adenine phosphoribosyltransferase (APRT) gene (28) for either positive or negative selection is similarly limited to HPRT-or APRT-cells, respectively (5, 23) . Thus, we sought to create a new gene that could be used for positive and negative selection in wild-type cells. This was accomplished by fusing the hph gene in-frame with the HSV-1 TK gene.
The hph and HSV-1 TK genes were first placed under the regulatory control of the human cytomegalovirus (HCMV) IE94 promoter in tgCMV/hygro and tgCMV/TK, respectively (Fig. 1A) . The hph-TK gene fusion was constructed by inserting the 1,644-bp SpeI-ScaI fragment from tgCMV/ hygro between the SpeI and MluI sites of tgCMV/TK to create tgCMV/HyTK (Fig. 1A) . Before ligation, the MluI site in the HSV-1 TK gene was treated with T4 DNA polymerase to allow blunt-end ligation with the Scal site, thus preserving the open reading frame. Translation of this fused gene (designated the HyTK selectable fusion gene) would be expected to generate a bifunctional fusion protein.
To demonstrate that the HyTK selectable fusion gene encodes both hph and HSV-1 TK enzymatic activities, tgCMV/HyTK was transfected into NIH 3T3 and Rat-2 cells (25) , and the transfected cells were selected in hygromycin B (Hm) or hypoxanthine-aminopterin-thymidine (HAT). Expo-* Corresponding author.
nentially dividing cells were harvested by trypsinization, washed free of serum, and resuspended in serum-free medium at a concentration of 107 cells per ml. Supercoiled plasmid DNA (5 t.g) was added to 800 ,ul of cell suspension (8 x 106 cells), and the mixture was electroporated by using the Bio-Rad Gene Pulser (200 to 300 V, 960 ,uF, 0.4-cm electrode gap, at ambient temperature). The cells were then returned to 9-cm dishes and grown in nonselective medium. After 24 h, the transfected cells were trypsinized, seeded at a density of 6 x 105 cells per 9-cm dish, and allowed to attach overnight. The medium was supplemented with Hm (500 p.g/ml for NIH 3T3 cells and 300 ,ug/ml for Rat-2 cells) or HAT, and selection was continued for 10 to 12 days. The drug-resistant colonies were then fixed in situ with 100% methanol, stained with methylene blue, and enumerated. The results shown in Table 1 demonstrate that when transfected into NIH 3T3 and Rat-2 cells, the HyTK selectable fusion gene conferred both resistance to hygromycin B (Hmr and the ability to grow in HAT medium (HATr).
The Hmr or HAT' colonies on one dish from each transfection (Table 1) were pooled, expanded into cell lines, and analyzed for sensitivity to GCV (GCVS) in a short-term cell growth assay. The transfected cell lines were seeded at a density of 3 x 1W0 cells per 9-cm dish and allowed to attach for 4 h. The medium was then supplemented with various concentrations of GCV, and the cells were incubated for a further 60 h. The medium was removed, the attached cells were harvested by trypsinization and stained with trypan blue, and viable cells were counted. Short-term cell growth was expressed as a fraction of that observed in the absence of GCV. The results shown in Fig. 2 demonstrate that the HyTK selectable fusion gene conferred GCVS.
Two retroviral vectors containing the HyTK selectable fusion gene were constructed. The HyTK selectable fusion gene was placed under the regulatory control of the promoter present in the retroviral long terminal repeat in tgLS(+)HyTK or the HCMV IE94 promoter in tgLS(-)CMV/HyTK (Fig. 1B ). PA317 cells (14) were electroporated with 25 ,ug of supercoiled tgLS(+)HyTK or tgLS(-)CMV/HyTK plasmid DNA as described above. The transfected PA317 cells were then transferred to a 9-cm dish containing 10 ml of medium supplemented with 10 mM sodium butyrate and allowed to attach overnight. After 15 h, the medium was removed and replaced with fresh medium. After a further 24 h, the medium containing transiently produced amphotropic virus particles was harvested, centri- (10) , encoding hygromycin phosphotransferase; the BclI-BamHI fragment from the simian virus 40 genome (24) , containing the simian virus 40 early region polyadenylation sequence (hatched box); the NruI-AlwNI fragment from pML2d (12), containing the bacterial replication origin; the AlwNI-AatII fragment from pGEM1 (Promega Corporation, Madison, Wis.), containing the 3-lactamase gene. Plasmid tgCMV/TK is similar to tgCMV/hygro but contains nucleotides 519 to 1646 from the HSV-1 TK gene (27) (12) , containing the bacterial replication origin; the AlwNI-AatII fragment from pGEM1, containing the ,-lactamase gene. Plasmid tgLS(-)CMV/HyTK is similar to tgLS(+)HyTK but carries a point mutation (AGGT -* AGGC) which eliminates the Moloney murine sarcoma virus-derived splice donor sequence (18) and contains the HCMV promoter upstream of the HyTK sequences. Plasmid tgLS(+)HyTK/stop was derived fuged at 850 x g for 10 min, and used to infect T2 cells (13) . Exponentially dividing T2 cells were plated at a density of 106 cells per 9-cm dish and allowed to attach overnight. The following day, the medium was removed and replaced with serial dilutions (6 ml per dish) of the virus-containing supernatant in medium supplemented with 4 ,ug of polybrene per ml. Infection was allowed to proceed overnight, and the supernatant was replaced with complete growth medium. Infected cells were selected for Hmr after a further 8 to 24 h of growth by adding Hm to a final concentration of 500 pg/ml. Colonies of Hmr cells were isolated 12 to 14 days later by using cloning cylinders and were individually expanded into bulk cultures for analysis.
Southern analysis of the stable T2 cell lines derived in this manner revealed that the proviral structures of the tgLS(+)HyTK and tgLS(-)CMV/HyTK retroviruses were intact in six of six independent clones analyzed (data not shown), indicating that the HyTK selectable fusion gene is compatible with the retroviral life cycle. As anticipated, both retroviruses transduced Hmr and HAT' (Table 2) . Populations of NIH 3T3 cells infected with tgLS(+)HyTK or tgLS(-)CMV/HyTK were selected in Hm (500 ,ugIml) for 10 days, and the resulting Hmr colonies were pooled, expanded, and tested for GCVS in a long-term cell growth assay. The infected-cell pools were plated at a low cell density (104 cells per 9-cm dish) and grown for 10 days in medium alone, medium containing either 1 ,uM GCV or 500 ,ug of Hm per ml, or medium supplemented with both 1 puM GCV and 500 jig of Hm per ml, after which the cells were fixed in situ with 100% methanol and stained with methylene blue. Colony formation was used as a measure of long-term cell growth. The results shown in Fig. 3 indicate that >99.9% of cells infected with the HyTK retroviruses and selected for Hmr were GCVS.
In HSV-1-infected cells, three translation initiation codons are utilized in the HSV-1 TK gene, resulting in the synthesis of three nested polypeptides possessing TK activity (6) . Since the HyTK selectable fusion gene retains two of these initiation codons, it was conceivable that nested polypeptides possessing TK activity might also be encoded by the HyTK selectable fusion gene. If such nested polypeptides were to be synthesized, the results described above would not necessarily reflect expression of a bifunctional protein by the HyTK selectable fusion gene. To address this issue, an oligonucleotide sequence, 5'-GCTTAATTAATTAAGC-3', bearing translation termination codons in all three reading from tgLS(+)HyTK by inserting the universal translation terminator oligonucleotide (Pharmacia, Uppsala, Sweden), 5'-GCTTAATTAA TTAAGC-3', at the NaeI site located near the junction of the hph and HSV-1 TK sequences of the HyTK selectable fusion gene. frames was introduced into the HyTK selectable fusion gene in tgLS(+)HyTK to generate tgLS(+)HyTK/stop. The oligonucleotide was inserted at a NaeI site downstream of the hph-derived sequences but upstream of the two internal translation initiation codons in the HSV-1 TK-derived moiety of the HyTK selectable fusion gene (Fig. 1B) . Insertion of the translation termination codons completely abolished the ability of the retrovirus to transduce HATr but left the ability to transduce Hmr intact (Table 2) . Moreover, a single -76-kDa protein was specifically immunoprecipitated by a rabbit polyclonal antiserum directed against HSV-1 TK from extracts of cells expressing the HyTK selectable fusion gene (data not shown). Thus, the phenotype conferred by the HyTK selectable fusion gene was not due to internal translation initiation in the HSV-1 TK-derived moiety of the gene, and the HyTK selectable fusion gene does indeed encode a bifunctional fusion protein.
The generation of a bifunctional fusion protein provides a means by which the dominant positive and negative selectable phenotypes encoded by the hph and HSV-1 TK genes may be expressed and regulated as a single genetic entity. The xanthine-guanine phosphoribosyl transferase (gpt) gene (17) was previously the only gene that could be used for positive and negative selection in wild-type cells. Negative selection against the gpt gene in wild-type cells is possible with 6-thioxanthine, which is efficiently converted to a cytotoxic nucleotide analog by bacterial gpt but not by mammalian HPRT (2) . However, positive selection for the gpt gene is often ineffective in primary cells, and the use of 6-thioxanthine for negative selection against the gpt gene in vivo has not yet been clearly established. By contrast, the use of GCV for negative selection against the HSV-1 TK gene in vivo has been demonstrated in animal models. For example, in transgenic mice expressing HSV-1 TK from an immunoglobulin promoter, GCV administration led to specific ablation of lymphocytes (7). In another study using these transgenic mice (16) , GCV induced full regression of Abelson leukemia virus-induced lymphomas. In a third study, a murine sarcoma was infected with a retrovirus expressing HSV-1 TK and transplanted into syngeneic mice. The tumors induced by the sarcoma cells were completely eradicated following treatment with GCV (15) . Similar studies with the HyTK selectable fusion gene are now in progress. Use of the HyTK selectable fusion gene in human gene transfer studies (9, 19) would provide the ability to specifically ablate genetically modified cells in vivo and would be particularly valuable in that it would permit reversal of the procedure. Finally, the HyTK selectable fusion gene may be of general utility in somatic cell genetics and for gene modification by homologous recombination. 
